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SUMMARY
We studied the scattering properties of high-frequency seismic waves due to the distribution
of small-scale velocity fluctuations in the crust and upper mantle beneath Japan based on an
analysis of three-component short-period seismograms and comparison with finite difference
method (FDM) simulation of seismic wave propagation using various stochastic random
velocity fluctuation models. Using a large number of dense High-Sensitivity Seismograph
network waveform data of 310 shallow crustal earthquakes, we examined the P-wave energy
partition of transverse component (PEPT), which is caused by scattering of the seismic wave
in heterogeneous structure, as a function of frequency and hypocentral distances. At distance
of less than D = 150 km, the PEPT increases with increasing frequency and is approximately
constant in the range of fromD= 50 to 150 km. The PEPT was found to increase suddenly at a
distance of over D= 150 km and was larger in the high-frequency band (f > 4 Hz). Therefore,
strong scattering of P wave may occur around the propagation path (upper crust, lower crust
and aroundMoho discontinuity) of theP-wave first arrival phase at distances of larger thanD=
150 km.We also found a regional difference in the PEPT value, whereby the PEPT value is large
at the backarc side of northeastern Japan compared with southwestern Japan and the forearc
side of northeastern Japan. These PEPT results, which were derived from shallow earthquakes,
indicate that the shallow structure of heterogeneity at the backarc side of northeastern Japan
is stronger and more complex compared with other areas. These hypotheses, that is, the depth
and regional change of small-scale velocity fluctuations, are examined by 3-D FDM simulation
using various heterogeneous structure models. By comparing the observed feature of the PEPT
with simulation results, we found that strong seismic wave scattering occurs in the lower crust
due to relatively higher velocity and stronger heterogeneities compared with that in the upper
crust. To explain the observed regional difference, the velocity fluctuation model with 3–4 per
cent stronger fluctuation and smaller κ is required at the backarc side of northeastern Japan.
Key words: Body waves; Computational seismology; Wave scattering and diffraction; Wave
propagation.
1 INTRODUCTION
It is well recognized that the waveform of the high-frequency
(f > 1 Hz) seismic waves becomes complicated during propaga-
tion caused by seismic wave scattering due to small-scale velocity
fluctuations in the lithosphere. Since the spatial distributions of the
small-scale velocity fluctuations in the lithosphere dominantly con-
trol the propagation and attenuation properties of the high-frequency
wavefield, it is important to understand the strength and scale of such
∗Now at: Yokohama City University, 22-2 Seto, Kanazawa-ku, Yokohama,
236-0027, Japan.
heterogeneities in the crust and upper mantle. Thus, such studies
have been conducted extensively based on the analysis of seismic
waves derived from dense seismic array observations and compari-
son with synthetic seismograms based on theoretical approximation
(e.g. Obara & Sato 1995; Saito et al. 2005; Takahashi et al. 2009)
or computer simulations (e.g. Nielsen et al. 2003; Furumura &
Kennett 2005; Takemura et al. 2009).
Obara & Sato (1995) analysed the regional difference in the scat-
tering properties of high-frequency seismic waves by examining the
peak delay and envelope broadening properties of the S-wave enve-
lope inKanto, Japan. They revealed that the properties of the seismic
scattering differ dramatically between the western and eastern sides
C© 2013 The Authors. Published by Oxford University Press on behalf of The Royal Astronomical Society. 421
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of the Kanto area across a volcanic front (VF), which are the forearc
and backarc sides, respectively, of the subducting Pacific Plate be-
neath the continental plate. Takahashi et al. (2007, 2009) examined
the peak delay time of the Swave at each area of northeastern Japan
and demonstrated a 3-D spatial distribution of small-scale velocity
fluctuations in the lithosphere by using inversion analysis based on
the Markov approximation in the medium with non-uniform ve-
locity fluctuations. Takemura et al. (2009) used the frequency and
distance change properties of the apparent S-wave radiation pattern
observed at the southwestern Japan and estimated the distribution
of small-scale velocity fluctuations in the upper crust by compari-
son with the results of numerous computer simulations for seismic
wave propagation in 2-D heterogeneous random structures.
Most of the previous studiesmentioned earlier used the character-
istics of the S waveforms observed by dense seismic array, because
the S waves are dominant in three-component seismograms for re-
gional distances with larger amplitudes. However, Swaves are often
overlapped by multiple reflected P waves and P coda when het-
erogeneities in the crustal structure are very strong, especially for
shorter hypocentral distances. Moreover, for analysing S waveform
automatically, the evaluation of the arrival time of the direct S wave
for scattered high-frequency waveform is rather difficult because
it is often accompanying with large S-to-P conversions before the
arrival of S wave. On the other hand, the use of the P wave is eas-
ier because it is a first arrival. Moreover, automatic P-arrival time
picker tools have been developed (e.g. Maeda 1985) that can be ap-
plied to this analysis. Therefore, detailed estimation of the crustal
heterogeneities using a large number of S waveforms seems to be
difficult.
We analyse a large number of P waveforms in three-component
seismograms rather than the S wave and study the scattering prop-
erties of seismic waves due to small-scale velocity fluctuations in
the lithosphere. Some studies have analysed the P waveform for
this purpose (e.g. Aki 1973; Capon 1974; Gusev & Abubakirov
1999a,b). For example, Gusev & Abubakirov (1999a,b) examined
the depth-dependent properties of heterogeneities based on the in-
version of the peak delay times and revealed that the heterogeneities
become stronger with decreasing depth. Kubanza et al. (2006, 2007)
used the relative strength of the P-wave amplitude of the transverse
(T) component to examine the strength of seismic scattering. They
estimated the heterogeneity in the lithosphere by comparing syn-
thetic envelopes based on the Markov approximation for vector
waves proposed by Sato (2006) and revealed that the scattering of
the P waves, that is the heterogeneities in lithosphere, is stronger in
the subduction zone than on the continent.
In this paper, we examine the change in the P-wave amplitude of
the transverse component associated with the increasing frequency
and hypocentral distances derived from a large number of wave-
form data for shallow crustal earthquakes recoded by the dense
seismic array High-Sensitivity Seismograph network (Hi-net) in
Japan. Based on previous studies on the regional difference in the
scattering properties of high-frequency seismic waves in Japan (e.g.
Carcole & Sato 2010; Sawazaki et al. 2011), we divide Japan into
three tectonic regions, forearc and backarc side of northeastern
Japan and southwestern Japan, and examine the relative strength
of the P-wave scattering and its distance and frequency-dependent
properties at each region.
To clarify the propagation features of high-frequency P wave
though heterogeneities in the crust and upper mantle, we conduct
computer simulations of high-frequency seismic wave propaga-
tion using a standard Earth layered velocity structure model with
stochastic random velocity heterogeneities in each layer based on
the 3-D finite difference method (FDM) simulation of equation of
motions. By comparing between the observations and numerous
computer simulations, we demonstrate how the small-scale veloc-
ity fluctuations of different scale, strength and roughness properties
in the crust and upper mantle modify the high-frequency seismic
wave as it propagates from the source.
2 STRENGTH OF THE P -WAVE
AMPLITUDE IN THE TRANSVERSE
COMPONENT
To examine the complicated propagation properties of high-
frequency P waves in Japan, we use the dense Hi-net stations oper-
ated by the National Research Institute for Earth Science and Dis-
aster Prevention (NIED) of Japan (Obara et al. 2005). Each Hi-net
station consists of high-gain three-component velocity-type seis-
mometers with a natural frequency of 1 Hz, installed in a borehole
with depth of from 100 to 3000 m. We analysed 53 220 waveforms
recorded at approximately 800Hi-net stations from 310 earthquakes
with hypocentral distance range of 30–600 km. To study the prop-
agation properties of the high-frequency seismic waves in the crust
and upper mantle, we selected shallow (h< 30 km) earthquakes oc-
curring in the crust and above the subducting plate beneath Japanese
Island. We also selected relatively small magnitude events deter-
mined by the Japan Meteorological Agency (MJMA) in the range
between MJMA = 2.0–5.3, which can be considered to have simple
source rupture process. The distribution of the Hi-net stations and
hypocentres used in this study is shown in Fig. 1, covering a dense
and almost uniform source-to-station distribution across Japanese
Island.
Examples of three-component Hi-net velocity waveforms ob-
served at station N.SGOH in southwestern Japan during anMJMA =
3.9 earthquake occurring at depth of 10.0 km and a hypocentral dis-
tance ofD= 38.3 kmare shown inFig. 2. Twohorizontal-component
Figure 1. Distribution of 310 shallow (h < 30 km) earthquakes (stars) and
773 Hi-net stations (triangles) used in this study.
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Figure 2. Observed three-component velocity waveforms recorded at Hi-net N.KNBH station for an MJMA = 3.9 earthquake having a hypocentral distance
of D = 38.3 km that occurred on 2008 September 29 in Shimane Pref., southwestern Japan. (a) Unfiltered three-component velocity waveforms of radial (R),
vertical (V) and transverse (T) components, (b) location of epicentre and station (triangle), (c) expanded filtered velocity waveform of low frequency (f =
0.25–2 Hz) and (d) high-frequency (f = 4–32 Hz) bands at P-wave first arrival.
seismograms are rotated into the radial (R) and transverse (T) mo-
tions. In the rotation process, we applied an azimuth correction of
Hi-net borehole sensors determined by Shiomi et al. (2003).
In the case of propagation through the homogeneous medium, a
P-wave signal is expected to appear in the vertical (V) and R mo-
tions but not in the T motion since the P wave is a compressional
wave oscillating in these directions. In the observed seismograms
with low frequency (f = 0.25–2 Hz), large P-wave signals are con-
firmed to appear in the R andV components and a veryweakP-wave
signal is confirmed to appear in the T component relative to the R
and V components at the beginning part of the P wave (Fig. 2c).
However, for the high-frequency waveforms (Fig. 2d; f= 4–32 Hz),
the amplitude of the P wave in the T motion is very large with
amplitude approximately half of that of the R and V motions. Such
conversion of the oscillation direction of the P wave into T motion
is considered as a result of the seismic wave scattering of the Pwave
during the propagation from source to stations in the heterogeneous
lithosphere. Since the excitation of the T-component P waves be-
comes stronger in high-frequency waves and we confirmed that it
is increasing dramatically with increasing frequency, the excitation
is considered to be caused by the scattering of seismic waves due to
small-scale heterogeneities along the wave propagation path.
To study the characteristics ofPwaves recorded in a large number
of Hi-net waveforms automatically, we used an automatic P-wave
arrival time picker based on the second order AR-AIC algorithm
(Maeda 1985). Fig. 3 shows the paste up of V component seis-
mic records from the 2008 September 29, MJMA = 3.9 earthquake
(Fig. 2b) recorded at the 25 Hi-net stations in southwestern Japan
at epicentral distances of from 18 to 432 km. A seismogram is plot-
ted at each station with a reduction velocity of 8 km s–1, and the
amplitude of each trace is normalized by its maximum value of the
vertical component. The P wave is found to arrive with epicentral
distances of less than approximately 150 km as a direct P wave
propagating through the crust with a relatively slow apparent veloc-
ity of approximately 6 km s–1. On the other hand, a faster apparent
velocity of approximately 8 km s–1 at larger epicentral distances be-
yond 150 km for the first arrival of the P wave means the Pn phase
propagating along the lower crust and uppermost mantle interface
(i.e. Moho discontinuity).
Waveforms of horizontal motions are rotated into R and T mo-
tions considering the direction of the hypocentre to each Hi-net
station with azimuth correction. We applied a set of bandpass filter
with a passband frequency of f = 1–2, 2–4, 4–8, 8–16 and 16–
32 Hz to the three-component seismograms.We selected the filtered
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Figure 3. Record section of vertical (V) ground motion recorded in western Japan and the arrival time of P waves (solid circles) determined by AR-AIC picker
for the earthquake of 2008 September 29 at Shimane (see Fig. 2). Apparent velocities of 6 and 8 km s–1 at hypocentral distances of less than 150 km and larger
than 150 km are indicated by dashed lines.
seismograms that have a signal-to-noise ratio of totalP-wave energy
greater than 4. Consequently, the total numbers of filtered waveform
data for each frequency band that can be used in this study are 30 180
(1–2 Hz), 37 776 (2–4 Hz), 39 275 (4–8 Hz), 37 988 (8–16 Hz) and
31 121 (16–32 Hz).
We then calculated the mean square (MS) envelope ei(t) of the
ith component i ( = 1, 2, 3), which expresses the R, T and V com-
ponents, by using the Hilbert transform and the following equation:
ei (t) = v2i (x) + H [vi (t)]2 ,
where vi (t) is the filtered velocity waveform, and H[vi (t)] is the
Hilbert transform of vi (t). A moving average is applied to each MS
envelope using a time window with the twice length of the corner
period of each filter. Then, the mean energy of each component 〈Ei〉
is calculated for ei(t) within time window of TW = 3 s which starts
1 s prior to the arrival time of the P wave (TP), which is defined as
Ei = 1
TW
TP+TW−1∫
TP−1
ei (t) dt.
To calculate for 〈Ei〉 stably, a long-time window TW is required
for P wave. However, if we use a wider TW, a problem including
S wave or some reflection phase (e.g. PmP) will occur for the
earthquakes of shorter hypocentral distances. To solve this problem,
we used a relatively shorter window (TW = 3.0 s) for the P wave
from the earthquakes at hypocentral distance between D = 30 and
600 km. The TP pre-window is needed to include leaked P-wave
energy caused by applying a narrow, non-causal bandpass filter to
the seismograms. The relative strength of the P-wave energy in the
T component, that is, P-wave energy partition of the T component
(PEPT), is obtained as follows:
PEPT = ET
ER + ET + EV .
Using this, we evaluate the scattering characteristics (strength,
envelope shape, polarization, etc.) of the P-wave beginning part as
a function of frequency and propagation.
Fig. 4 shows examples of MS envelopes of low-frequency (f =
1–2Hz) and high-frequency (f= 8–16Hz) component seismograms
shown in Fig. 2. The amplitude of the PEPT is very small (0.067) in
the low-frequency (f = 1–2 Hz) band relative to that (0.21) in the
high-frequency (f = 8–16 Hz) band. It is found that the P waves in
the R and V components have large peaks in earlier time, whereas
the P wave of the T component is gradually increasing with time.
Such observed characteristics of the high-frequency wavefield had
been expected by theoretically by Sato (2006, 2007) based on the
Markov approximation of the scattering seismic waves.
2.1 Frequency and distance properties of the P-wave
energy partition of the T component (PEPT)
Fig. 5 shows a plot of the PEPT in the frequency band of f = 8–
16 Hz as a function of hypocentral distances of from 30 to 600 km
obtained from dense Hi-net station records of a large number of
earthquakes (Fig. 1). Each PEPT value is indicated by a grey circle
and the average PEPT values at each distance and the corresponding
estimation error are examined by using the bootstrap method (e.g.
Efron&Tibshirani 1986). Large scatter of the PEPT at each distance
is due to the multipath effect from different sources to each station.
These effects can be canceled out by taking average of a large
number of obtained PEPT at each distance and their moving average
over distance. For the error analysis based on the bootstrap method,
we first divide the data based on hypocentral distance into sections
of 20 km with an overlap of 10 km. Then, we calculate an average
of PEPT for 100 random resampling data in each distance. Finally,
we obtain a smooth moving average curve by taking average of the
PEPT at each distance. We also examine the estimation error of the
moving average curve of the PEPT mentioned earlier using the 100
resampled averages. Very small estimation error of the PEPT from
the average at each distance appear in Fig. 5(a) and is approximately
10 per cent of the average PEPT at larger distances (D > 500 km),
demonstrating the effectiveness of the present averaging process.
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Figure 4. Example of mean squared (MS) envelopes of the three-component seismograms at P-first arrival part. (a) Low-frequency (1–2 Hz) and (b) high-
frequency (f = 8–16 Hz) components. Dotted, solid and dashed lines indicate R, T and V components, respectively. The values of the PEPT for each frequency
band are shown in the upper left corners of the graphs.
It may be suspected that abnormally large and small PEPT val-
ues in the observed data may cause a shift in the averaged value.
To check this possibility and re-examine the reliability of the stan-
dard deviation of PEPT, we also calculated the probability density
function (PDF) of the PEPT value at each distance (Fig. 5b) and
compared with the average value of PEPT shown in Fig. 5(a). The
high PDF area is in good correspondence with the average value of
PEPT obtained by using the bootstrap technique (Fig. 5a), indicat-
ing the effectiveness of our estimates of the change in the averaged
PEPT value as a function of hypocentral distance.
The obtained PEPT in Fig. 5(a) is very small, approximately 0.18
at short hypocentral distances of from D = 30 to 150 km, irrespec-
tive of distance, and then increases gradually from 0.2 to 0.3 with
increasing hypocentral distance over 150 km. Fig. 6 compares the
change in the PEPT for different frequency bands (f = 1–2, 2–4,
4–8, 8–16 and 16–32 Hz), demonstrating that the value increases
with increasing frequency. A sudden change in the rate of increase
of the PEPT value beyond D = 150 km is also confirmed in each
of the frequency bands, with a larger rate of increase in the high-
frequency bands. The increase in the averaged PEPT with increasing
frequency is shown in Fig. 7 at distances of 100, 300 and 500 km. It
is confirmed that the change in the averaged PEPT with increasing
hypocentral distance is more significant in high-frequency bands,
indicating that the modification of the P wavefield due to the scat-
tering of seismic wave propagating in heterogeneous structure is
accumulating dramatically in high-frequency bands.
2.2 Regional difference of the PEPT
We examined the regional difference in the PEPT value across Japan,
which should be related to the heterogeneous subsurface structure
at each area.
Previous studies inferred regional differences in the scattering
properties of high-frequency seismic waves in Japan based on the
peak delay times of S wave, the envelope duration time (e.g. Obara
& Sato 1995; Takahashi et al. 2007, 2009; Sawazaki et al. 2011)
and the envelope shape of the P- and S-wave coda (e.g. Nishimura
et al. 2002; Jin & Aki 2005; Yoshimoto & Jin 2008; Carcole &
Sato 2010). These studies clearly demonstrated that the forearc
side of northeastern Japan across the VF, which passes from north
to south though the middle of northeastern Japan is characterized
by weak heterogeneities in the lithosphere, as compared with the
backarc side of northeastern Japan (Obara & Sato 1995; Takahashi
et al. 2007, 2009). Similar observations were reported by Carcole
& Sato (2010), who applied the Multilapse Time Window Anal-
ysis (MLTWA) to the Hi-net waveform data to study the spatial
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Figure 5. Change in the PEPT in the frequency band of f = 8–16 Hz as a function of hypocentral distance. (a) Plot of the obtained PEPT values (grey circle)
and their moving average over distance and estimation error. (b) Probability density function (PDF) of the PEPT and its average.
Figure 6. Change in the average PEPT as a function of hypocentral distance
and frequency. The bootstrap technique is used for averaging.
distribution of intrinsic attenuation and scattering loss of S wave.
They reported that the loss of seismic wave energy due to scattering
is very strong at the backarc side of northeastern Japan and weak
scattering loss for lower (1–2, 2–4Hz) frequency bands in the south-
western Japan. In southwestern Japan, the loss of seismic waves in
high frequency (4–8, 8–16 and 16–32 Hz) is significant strong. In
addition, the analysis of the direct S wave by Sawazaki et al. (2011)
demonstrated that the velocity fluctuation at the southwestern Japan
is considerable to be almost comparable to that at the forearc side
of northeastern Japan.
Following these studies, we divided the Japan Island into three
regions: (A) the forearc side (Pacific Ocean side) of northeastern
Japan, (B) the backarc side (Japan Sea side) of northeastern Japan
and (C) the southwestern Japan, where significant differences in the
scattering and propagation properties of high-frequency S wave are
Figure 7. Change in the average PEPT and its estimation error as a function
of frequency for hypocentral distances of D = 100, 300 and 500 km. The
estimation error of the averaged PEPT for each frequency band is calculated
by using the bootstrap method.
expected (e.g. Obara & Sato 1995; Carcole & Sato 2010; Takahashi
et al. 2009; Sawazaki et al. 2011). The total number of waveform
used in this analysis is 2219 from 131 events, 2554 from 133 events
and 7682 from 179 events for region A, B and C, respectively, to
examine the regional difference in the scattering properties in the
frequency band of 4–8 Hz. We compare the PEPT at each area
for shorter (50 < D < 150 km) and longer (300 < D < 600 km)
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Figure 8. Regional difference of averaged PEPT and its estimation error as a function of frequency for (A) the forearc side of northeastern Japan, (B) the
backarc side of northeastern Japan and (C) the southeastern Japan area. (a) Distribution of stations and (b) sources in each region, using 131, 133 and 179
events for region A, B and C, respectively. Dashed line in the map denotes the volcanic front. Comparison of the averaged PEPT in the three areas for (c)
shorter hypocentral distances (D = 50–150 km) and (d) larger distances (D = 300–600 km). Estimation error of the averaged PEPT for each frequency band is
calculated by using the bootstrap method.
hypocentral distance ranges and for each frequency band (Fig. 8).
The configurations of the Hi-net station and source distributions
used in our analysis for each region are shown in Figs 8(a) and (b).
The estimated PEPT for shorter hypocentral distance is strongly in-
fluenced by the heterogeneous structure in the upper crust, whereas
the estimated PEPT for longer hypocentral distance is influenced by
the heterogeneities in the crust and in the mantle. It is confirmed
that the obtained PEPT value at the backarc side of northeastern
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Japan is much larger than those at other two areas for distances
and all frequencies. This indicates that the scattering strength of
seismic waves in the crust and upper-mantle structure beneath the
backarc side of northeastern Japan is very strong to develop strong
scattering of seismic waves over a wide frequency range of between
1.5 and 25 Hz. Our result shows that the rate of increase of the
PEPT with increasing frequency from 1.5 to 6 Hz is larger at the
backarc side of the northeastern Japan than those obtained at other
areas in shorter hypocentral distances (Fig. 8c). In high frequency
(>6 Hz), very strong frequency dependencies of the PEPT appear
in southwestern Japan and difference between the backarc side of
northeastern Japan and southwestern Japan is small compared with
that in lower frequency bands (f = 1–2, 2–4 Hz). At longer dis-
tances (Fig. 8d), the rate of increase of the PEPT is also larger at
the backarc side of northeastern Japan but it is almost comparable
between the forearc side of northeastern Japan and the southwestern
Japan. These results suggest that the strength and the distribution
properties of the velocity fluctuation in the crust and upper-mantle
structure vary with region and in depth.
3 S IMULATION OF SCATTERED
SE ISMIC WAVEFIELD
To study how the PEPT value increases due to the scattering of
high-frequency seismic waves during propagation through the het-
erogeneous structure, we conduct FDM simulations of seismic wave
propagation using 3-D heterogeneous structure models. Through
simulations using different heterogeneous property models and
comparison with the observations mentioned earlier, we examine
the scale, strength and roughness of heterogeneities in the crust and
upper mantle.
The area of the 3-D FDM simulation model is 204.8 km by
204.8 km and 64 km, which has been discretizedwith a uniform grid
size of 0.1 km by 0.1 km in the horizontal directions and 0.05 km
in the depth direction. The seismic wave propagation at each grid-
point is calculated by solving the equations of motion in 3-D elastic
medium based on a staggered-grid FDM of fourth-order schemes.
The 3-D FDM simulation is conducted concurrently using a large
number of processors based on a domain partitioning parallel FDM
technique usingMassage Passing Interface (MPI; Furumura&Chen
2004).
In this simulation,we applied an isotropic, explosive source rather
than an actual double-couple source, to neglect the effect of the
P-wave radiation pattern. The explosive source is placed 10 km be-
low the surface, which radiates P wave in all directions. The source
time function is the Herrmann (1979) function with a maximum
frequency of f = 6 Hz.
The heterogeneous structuremodels are constructed by a stochas-
tic random velocity fluctuation in 3-D space ξ (x,y,z) embedded over
a uniform background velocity V0, which is described as V(x,y,z)=
V0[1+ξ (x,y,z)]. We employ a von Karman-type power spectral den-
sity function (PSDF) to characterize the property of velocity fluc-
tuation ξ (x,y,z) in the wavenumber domain as:
P (k) = 8
√
π 3ε2a3 (κ + 3/2)
 (κ) (1 + a2k2)κ+3/2 ∝ (ak)
−2κ−3 for ak 	 1,
where ε is the strength of the fluctuation, a is the correlation dis-
tance, k is the wavenumber and κ is the decay rate of the PSDF
at larger k. Here, we employ isotropic velocity fluctuation models
which have same correlation distance in the all directions, and the
wavenumber can bewritten as k =
√
k2x + k2y + k2z . The randomfluc-
tuation in 3-D space ξ (x,y,z) is first calculated in the wavenumber
domain by adjusting an desired PSDF to the Fourier transform of
the sequence of random numbers. The resultant fluctuationmodel in
the wavenumber domain is transformed back to the physical domain
by using the inverse Fourier transform.
We assumed correlated velocities (VP and VS) and density ρ from
Birch’s law (Birch 1961):
δVP
VP
= δVS
VS
= ν δρ
ρ
,
where<. . .> is the ensemble average, and we assume ν = 0.8 (e.g.
Sato & Fehler 1998).
Recent studies on the scattering properties of high-frequency
seismic waves based on the analysis of dense seismic observation
and synthetic high-frequency seismograms (e.g. Nielsen et al. 2003;
Saito et al. 2005; Takemura et al. 2009; Sawazaki et al. 2011)
demonstrated that the fluctuation of velocities in the crust and upper-
mantle structure can be well modelled by the von Karman-type
PSDF with parameter range of a = 3–10 km, ε = 0.02–0.09 and
κ = 0.3–0.8.
3.1 FDM simulation of seismic wave propagation:
uniform half-space model
We first conduct 3-D FDM simulations of seismic wave propa-
gation using a uniform half-space model with stochastic random
heterogeneities. A set of simulations with different parameters for
von Karman-type PSDF (a, ε and κ) is examined using a homoge-
neous half-space background model with average crustal velocity
of 〈VP〉 = 5.8 km s–1 and 〈VS〉 = 3.36 km s–1, and density of 〈ρ〉 =
2600 kg m–3 to clarify how the high-frequency Pwavefield is modi-
fied by scattering of seismic waves as it propagates in heterogeneous
structure. We first assume random velocity fluctuation for the up-
per crust characterized by von Karman PSDF with a = 5 km, ε =
0.07 and κ = 0.5 (Takemura et al. 2009). Through this simulation,
we attempt to demonstrate the characteristics of the PEPT that we
examined by dense Hi-net observations (Figs 5–8) in terms of the
frequency- and distance-dependent/independent properties of the
PEPT values.
Fig. 9 shows snapshots of relative seismic energy propagation at
time T = 6, 12 and 24 s from the earthquake origin time derived
by the 3-D FDM simulation, illustrating the propagation of seismic
wave on the free surface. In this simulation,we applied the stochastic
random structure characterized by the vonKarman-type PSDFusing
parameters of a = 5 km, ε = 0.07 and κ = 0.5, and an explosive
(isotropic P wave) source is placed 10 km below the free surface.
In the snapshots, the strength of the relative seismic energy in
R, V and T components are illustrated separately in Figs 9(a), (b)
and (c), respectively, to clarify how the P wave of the T component
is developed by the scattering of the P wave during propagation
through the heterogeneous structure. The sequence of snapshots
of the R-component seismic wavefield illustrates the development
of long P-wave coda tails derived by large-angle scattering of P
waves during propagation through heterogeneous structure. We can
see the non-dispersive Rayleigh wave propagation in the middle
of the wavefield circle in Fig. 9(b), which has apparent velocity
of approximately 3.1 km s–1 (92 per cent of the assumed S-wave
velocity). These Rayleigh waves are developed by the coupling of
P and converted S waves on the free surface and scattered/reflected
waves from the free surface.
The relative energy of the seismic waves of the T component is
increasing gradually with increasing time due to P-to-P and S-to-P
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Figure 9. Snapshots of seismic wave propagation in the horizontal x- and y-directions derived by 3-D FDM simulations with an isotropic P-wave source and
a heterogeneous half-space model including stochastic random heterogeneities, illustrating the relative energy (RE) in the (a) R, (b) V and (c) T components
at T = 6.0, 12.0 and 24.0 s from the start of the earthquake.
conversion scattering. Larger signals of the T component wavefield
are not concentrated in the first P wave front, but rather are located
in its interior, coda waves. Thus, the large later signals of the T com-
ponent are the S wave developed by P-to-S conversions and strong
large-angle scattering. In the last frame (24 s) of the snapshots, the
strength of the relative seismic energy of the T component around
the P wave front is approximately 0.1 and is approximately 0.33 for
P-wave coda part. Large relative energy strength of 0.33 means that
the seismic wave energy is equipartitioning into all components.
Synthetic seismograms of the three-component (R, V, T) wave-
field recorded from the hypocentre to a distance of 180 km are
shown in Fig. 10. A bandpass filter with passband frequency of f =
1–4 Hz is applied to each trace, and each trace is multiplied by
the hypocentral distance to compensate for geometrical spreading
of body waves. The paste-up of the three-component seismograms
shows how the P-wave amplitude of the T component with prop-
agation, and complex P-coda waves are strongly excited during
propagation due to scattering in heterogeneous structure. At shorter
distances (D< 60 km), impulsivePwaves are clearly observed in the
R and V components following weaker and shorter P-coda waves,
but the amplitudes of the direct Pwaves decrease and P-coda waves
increase gradually with increasing distance. In the V component,
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Figure 10. Record sections of three-component seismograms derived by 3-D FDM simulation of seismic waves using a half-space model with stochastic
random heterogeneities. A bandpass filter having a passband frequency of f = 1–4 Hz is applied. Each trace is multiplied by the hypocentral distance to
compensate for geometrical attenuation.
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Figure 11. Distance-change property of the PEPT value from simulated
waveforms derived from the model characterized by the von Karman ACF
with a = 5 km, ε = 0.07 and κ = 0.5.
as distance increases, Rayleigh waves developed by the coupling of
the P wave and converted S wave from P waves at the free surface
appear at larger (D > 50 km) distances and are gradually modified
by seismic wave scattering during propagation. Converted S waves
appear clearly in the T components, dominating as a later arrival of
seismic waves at an apparent velocity of approximately 3.3 km s–1.
Such P-to-S conversion is mostly developed by scattering at near-
source area, but although other conversions also occurred along the
propagation path. Burst-like scatterings of P-wave energy of the
T component seismogram reveal the complicated propagation and
scattering properties of the P wave of the T component and follow-
ing largeP-to-S converted signals at later time. Such development of
a large P-to-S conversion associated with the scattering of P waves
in heterogeneous structure is often explained by first-order Born ap-
proximation (e.g. Sato & Fehler 1998, ch. 4; Przybilla et al. 2006),
and is also demonstrated clearly by the present FDM simulation of
seismic wave propagation. Such a burst of P-wave amplitude in the
T motion is defined by the distribution properties of heterogeneities
used in the present simulation and is also the cause of the large
deviation of the observed PEPT value shown in Fig. 5.
As the wave propagates, the waveforms of the converted S waves
are modified significantly by S-to-S and P-to-S conversion scatter-
ing, which also develop long coda waves. Consequently, the ampli-
tude of the seismograms in the T component increases with decreas-
ing seismic signal in the R and V components. At larger distances,
the amplitude of the coda waves becomes comparable among three
components.
The results of simulations are shown for the PEPT as a function of
propagation distance and for each frequency band (f= 1–2, 2–4, 4–
8Hz), which is illustrated in Fig. 11. The results clearly demonstrate
the frequency-dependent property of the PEPT, which increases as
frequency increases. However, the resultant PEPT derived by the
present simulations is somewhat small and shows weak distance
dependency, as comparedwith the observations (Fig. 6). In addition,
change in PEPT with increasing distances becomes weaker in high
frequency band, and the value of PEPT in all frequencies stop at a
maximum value of 0.1 at larger distance over 100 km.
In our simulation, no sudden distance change property of the
PEPT for direct P wave is found in high-frequency band of 4–8 Hz.
However, the distance change property of the observed PEPT sud-
denly changes at distances beyond D = 150 km for all frequencies,
and the results of the present simulations show almost constant
PEPT irrespective to the distance for the range of from D = 30 to
200 km.
We conducted other simulations using different sets of parameters
characterizing stochastic random heterogeneities and examined the
change in the PEPT for various frequencies. The simulation results
are shown in Fig. 12 as an average PEPT value recorded at stations
fromD= 10 to 100 km and as a function of frequency. The increase
in the average PEPT with increasing strength of stochastic random
velocity fluctuation ε = 0.05, 0.07 and 0.09,with common values for
the other parameters (a= 5 km and κ = 0.5), is clearly demonstrated
in Fig. 12(a). In high-frequency bands (f > 3 Hz), the increase in
the PEPT with increasing frequency and ε is getting mild because
the strength of the fluctuation (ε = 0.09) is strong enough to cause
seismic scattering in all frequency bands above f > 3 Hz.
The change in the PEPT with change of correlation distance a is
shown in Fig. 12(b). The PEPT increases with smaller correlation
distance (a= 3 km) of the PSDF and the rate of increase of the PEPT
with increasing frequency is almost common for all values of a. The
correlation distance controls the corner wavenumber and level of
the von Karman-type PSDF at smaller wavenumbers. However, in
the present simulation of the half-space structural model for the
frequency range of from f= 1 to 8 Hz, the separation of the strength
of heterogeneities ε and scale of heterogeneity a seems to be difficult
because both have similar effects on the seismic wavefield in this
frequency band.
On the other hand, the decay order of κ modifies the PEPT for both
absolute amplitude and rate of increase with frequency (Fig. 12c).
The simulation results for small κ ( = 0.3) explain the observations
indicating that the PEPT increases with frequency.
Based on the above parameter studies, we conclude that the PEPT
is related to the strength of the heterogeneities in the medium, where
a larger PEPT value indicates that strong scattering occurs due to
heterogeneities along the propagation path.
We conducted a number of simulation using different parameters
of stochastic randommedia constructed by different correlation dis-
tances a and strength of fluctuation ε and decay order κ as shown
in Fig. 12. However, strong frequency dependence property of the
observed PEPT (Fig. 7) cannot be reproduced by our simulations. A
weak distance dependence of PEPT appears in the simulation assum-
ing κ = 0.5 (Fig. 11), and averaged PEPT from 10 to 100 km shown
in Fig.12 cannot show frequency dependence properties of the PEPT
very clearly. Saito et al. (2002) demonstrated that the theoretical en-
velope with κ = 0.5 does not show clear frequency dependence at
very beginning part around arrival of body wave (fig. 8 in their pa-
per). Therefore, simulated envelopes with κ = 0.5 at beginning part
of P-wave onset do not show frequency dependence and PEPT has
maximum value of 0.1 at distant (D > 100 km) stations. As we see
in Fig. 12(c), simulation result of stochastic random medium with
a smaller κ ( = 0.3) shows clear frequency dependence property of
PEPT. However, the value of the observed PEPT and its frequency
dependency are much larger than indicated by the simulations. The
observed features of the large and frequency-dependent PEPT may
indicate that some sort of strong heterogeneous structure with very
small κ (< 0.1) exists in near-surface velocity layer.
The regional difference in the PEPT across Japan, as shown in
Fig. 8, with relatively large PEPT at the backarc side of northeastern
Japan relative to the forearc side of northeastern Japan and the
southwestern Japan area can be explained by the above experiments
(Fig. 12). The observed PEPT (Figs 8b and c) for frequency of f =
3 Hz at the backarc side of northeastern Japan is approximately
0.04–0.05 larger than that observed in southwestern Japan. The
larger PEPT at the backarc side of northeastern Japanmay be a result
of the anomalous crust and upper-mantle structure with stronger
heterogeneities (3–4 per cent larger ε) or the dominance of shorter
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Figure 12. Effect of each parameter characterizing stochastic randommedia on the PEPT value and its estimation error as a function of frequency. Contributions
of (a) the strength of fluctuation ε, (b) the correlation distance a and (c) the decay order κ . The estimation error is derived by the analysis of the simulated
waveforms using bootstrap method.
correlation length (smaller a) heterogeneities from our simulation
results (Fig. 12a). In addition, the larger increase in the PEPT with
frequency observed at the backarc side of northeastern Japan may
indicate smaller κ in the crust and upper-mantle structure beneath
the backarc side of northeastern Japan.
Our FDM simulation is limited in the frequency of f < 8 Hz,
which is defined by the grid size and maximum wave speed used in
the simulation. Therefore, we cannot discuss the strong frequency
dependence properties in higher (f> 8Hz) frequency observed at the
southwestern Japan.One of possible explanations for sudden change
in the frequency dependency of the PEPT may be due to the existence
of a multiscale heterogeneity in the medium that is constructed by
the superposition of various random velocity fluctuation structures.
Yoshimoto & Okada (2009) found sudden change of frequency
dependence property of scattering attenuation of S waves in the
Kanto area, Japan. To explain such observations, they proposed a
random heterogeneous model characterized by the superposition of
Gaussian PSDF with a = 2 km and ε = 10 per cent and weak
self-similar type PSDF.
3.2 FDM simulation of seismic wave propagation: layered
structural model
The previous simulations in the half-space model with stochas-
tic random velocity fluctuation revealed the frequency-dependent
properties of the scattered seismic wavefield and the change in the
PEPT with different parameters characterizing fluctuations. How-
ever, the actual subsurface structure is not uniform, but rather is
formed by layered structure, which is formed by upper and lower
crust and mantle with different velocity and heterogeneity distribu-
tions. Therefore, we conduct additional FDM simulations of seismic
wave propagation using the layered velocity structure model with
different stochastic random velocity fluctuation models for each
layer.
A number of reflection experiments have revealed that the lower
crust is very reflective, generating strong reflection and scattering
of high-frequency waves due to strong velocity fluctuations in the
layer, and that the upper mantle is rather transparent, resulting in
no large reflection of seismic signals (e.g. Mooney & Meissner
1992; Iwasaki et al. 2002; Iidaka et al. 2006). Such characteris-
tics of different strength of velocity fluctuations in the crust and
upper-mantle structure on the scattering of high-frequency seismic
wavefield were also studied by comparing dense seismic observa-
tions and synthetic seismograms (e.g. Margerin et al. 1998; Gu-
sev & Abubakirov 1999a,b; Nielsen et al. 2003). Following these
studies, we examined the scattering of high-frequency signals in a
layered structure with relatively low wave speeds and stronger het-
erogeneities in the crust over high-velocity mantle with relatively
weaker heterogeneity.
In this simulation, we extended the size of the simulation model
to 409.6 km by 102.4 km and 64.0 km to examine the propagation
of the direct Pwave propagating in the crust and the Pn phase prop-
agating in the mantle, which is observed at distances of larger than
about 150 km. We use the ‘IASP91’ standard earth model (Kennett
& Engdahl 1991) and similar stochastic random heterogeneities de-
scribed by the von Karman PSDF used in the previous simulation
using PSDF parameters of a = 5 km, ε = 0.07 and κ = 0.5 in the
whole crust and larger and weaker heterogeneities of a = 10 km,
ε = 0.04 and κ = 0.5 in the mantle.
Fig. 13 shows snapshots of seismic wave propagation in 3-D
space showing a vertical 2-D profile of the seismic wavefield cutting
from the surface to the bottom of the model to see seismic wave
propagation in the heterogeneous structure. The snapshots illustrate
the relative energy of T component (RET) at time T = 10, 25 and
50 s from the earthquake origin time. Similar to the PEPT, the value
of the RET near the Pwave front is good corresponding to the PEPT
below the surface. In the earlier snapshots (10 and 25 s), the direct
P waves propagate through the upper crust with small (< 0.1) RET
near the P wave front (PEPT). As time passes (50 s), the mantle Pn
phase appears to be a head wave propagating through the mantle
and crust/mantle interface. The strength of the PEPT (>0.1) for Pn
phase propagating in the lower crust and the uppermost mantle is
much stronger than that of the direct P waves propagating in the
upper crust with larger PEPT, larger than 0.15–0.2, at distances
greater than 150 km.
The results of simulation for the PEPT as a function of distance
and frequency are shown in Fig. 14, demonstrating that the PEPT
suddenly increases by 0.1 at hypocentral distances of larger than
150 km for all frequencies. As indicated in the snapshots of the
scattering seismic wavefield, the larger PEPT, as compared to the di-
rect Pwave propagating in the upper crust, at larger distances is due
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Figure 13. Snapshots of the spatial distribution of the relative energy of transverse component (RET) at the vertical profiles derived from the simulation results
in IASP91 with stochastic random media. Stochastic random structures are characterized by von Karman ACF with a = 5 km, ε = 0.07 and κ = 0.5 in the
upper and lower crust and a = 10 km, ε = 0.04 and κ = 0.5 in the mantle.
Figure 14. Distance change feature simulated PEPT valuewith the ‘IASP91’
velocity structure model with stochastic random media. Stochastic random
structures are characterized by von Karman ACF with a = 5 km, ε = 0.07
and κ = 0.5 in the upper and p lower crust and a = 10 km, ε = 0.04 and
κ = 0.5 in the mantle.
to the strong large-angle scattering along the Pn phase propagation
path in the lower crust or the uppermost mantle.
To confirm the relationship between the sudden change in the
PEPT at larger distances and the Pn phase propagating along the
Moho interface, we conduct FDM simulations with changingMoho
depth but keeping the depth of the Conrad interface (20 km). Thus,
the thickness of the lower crust in the present simulation model
increases with increasing Moho depth. Fig. 15 shows the simulated
distance change in the PEPT with frequency of 4–8 Hz derived
from models with various Moho depths (H = 25, 35, 45 km). If the
sudden PEPT increase at some distance is a result of the Pn phase,
then the distance at which the PEPT increase may change with mod-
ifying the Moho depth. Fig. 15 shows that sudden change in the
Figure 15. Simulated PEPT value for f= 4–8 Hz using models with various
Moho depths (H = 25, 35 and 45 km). Stochastic random heterogeneities
and average velocities are common to Fig. 14.
PEPT for the shallower Moho depth model appears at distances of
less than 150 km and appears at distances larger than 150 km in
the deeper Moho depth model. According to these depth dependen-
cies, the cause of the sudden distance change in the PEPT would
be located around the propagation path of the Pn phase, that is, the
heterogeneities of the uppermost mantle or lower crust. In our sim-
ulations, we assumed the same random heterogeneity distributions
in both upper and lower crust. However, wave speed in the lower
crust is higher (VP = 6.5 km s–1) than that of the upper crust (VP =
5.8 km s–1). Consequently, as we consider this effect on the PSDF
of P wave in the frequency domain (f = kVP/2π ), the fluctuation of
the P-wave velocity for the same frequency is approximately 2 per
cent stronger for the Pwave in the lower crust than that in the upper
crust. This provides stronger scattering ofPn in the lower crust, with
a sudden distance change of PEPT at distance ofD> 150 km where
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Pn arises as an initial phase. At distance less than D < 200 km, the
value of the PEPT gradually increases with increasing distances.
The value of the PEPT at distance grater than 200 km shows same
value regardless of propagation distance and thickness of the lower
crust, indicating that the propagation of the seismic wave in the
lower crust is not related to the PEPT. The values of PEPT are only
affected by the strength of scattering along propagation path. This
is consistent with the result of the distance independent property of
PEPT derived from direct P waves.
Although the observed PEPT gradually increases with increasing
distance at large distances of D > 200 km, simulated PEPT value
does not change irrespective to distance from 150 to 300 km. There-
fore, we conduct additional FDM simulations changing the strength
of heterogeneities around the propagation path of Pn phase. In the
new simulations, we place a strong scatter zone (with strength of
fluctuation ε = 0.09) at (i) the upper crust, (ii) the lower crust and
(iii) the upper mantle, and the simulation results are compared with
that for the former model assuming the model in Fig. 14 (a= 5 km,
ε = 0.07 in the whole crust and a= 10 km, ε = 0.04 in the mantle).
Fig. 16 shows the distance change of PEPT with f= 4–8 Hz derived
from modified and initial (same model in Fig 14) models.
Since both direct P and Pn phases propagate in the upper crust,
the PEPT derived from the model with strong scatter in the upper
crust (Fig. 16a) becomes larger at all distances, as compared with
the initial model. On the other hand, the PEPT with strong scatter
in the lower crust (Fig. 16b) or upper mantle (Fig. 16c) becomes
larger at distances larger thanD= 150 km. ThePn phase propagates
through the lower crust and the upper mantle, whereas the direct
P phase that radiated from the shallow crustal earthquake does not
propagate through the lower crust or the mantle. More specifically,
if strong scatter exists in the lower crust, the PEPT changes from the
initial model occur at a larger distance, as compared to the model
with strong scatter in the upper mantle.
Liu & Tromp (2006) examined the finite-frequency sensitivity
kernel using a realistic 3-D subsurface structure based on the ad-
joint method. They demonstrated that (see fig. 9 in Liu & Tromp
2006) sensitivity of the Pn phase is high along upgoing and down-
going legs of Pn ray path, but it is small along the ray path of its
refracted portion along the crust/mantle interface (Moho). Their re-
sults indicate that the observed Pn phase is strongly influenced by
heterogeneous structure in the upper and lower crust rather than in
the upper mantle. In addition, our simulation demonstrated that if
stronger heterogeneities exist in the lower crust, then sudden dis-
tance change of PEPT appears at 150 km and PEPT still gradually
increases at distance overD> 200 km (Fig. 16b). These facts are in
good agreement with observed PEPT (Fig. 6). We conclude that the
cause of sudden change in PEPT beyond D > 150 km is caused by
strong scattering of seismic wave in the lower crust with relatively
higher velocity and stronger fluctuation.
In our simulation, the maximum frequency is approximately f =
8 Hz, which is limited by the numerical dispersion problem of
the present FDM simulation. Therefore, we cannot reproduce the
sudden and rapid distance change of the observed PEPT with higher
(f > 8 Hz) frequencies, as shown in Fig. 6. However, the observed
PEPT behaviour, in which the PEPT suddenly increases at distances
larger thanD> 150 km and then is gradually increasing at distances
of over 200 km, and the simulation results indicate that strong scatter
may exist in the lower crust. These heterogeneous structures, which
were demonstrated by present simulation, correspond to the high-
reflectivity lower crust supposed by the seismic survey using the
control explosion source (e.g. Mooney & Miessner 1992; Iwasaki
et al. 2002; Iidaka et al. 2006).
Figure 16. Simulated PEPT value for f= 4–8 Hz assuming strong scatter in
(a) the upper crust, (b) the lower crust and (c) the mantle. The dashed lines
represent the initial model (same as in Fig. 14), and the bold lines represent
the modified models.
4 D ISCUSS IONS AND CONCLUS ION
We studied the P-wave amplitude of the T component caused by the
scattering of the P wave propagating through heterogeneous struc-
tures using the Hi-net dense seismic array in Japan and shallow
crustal earthquakes that occurred in the area around Japan. We ex-
amined the P-wave energy partition of T component (PEPT) derived
from total P-wave energy in three-component seismograms in a 3-s
time window which start from 1 s prior to the P-wave onset which
is a measure of the strength of seismic wave scattering, and the
PEPT was found to increase gradually with increasing frequency
and at larger distances (D > 150 km). Such a sudden change in
the PEPT beyond D = 150 km is due to the dominance of the Pn
phase propagating through crust and around the Moho discontinu-
ity. This sudden change indicates that strong scattering of Pn phase
occurs along its propagation ray path and that the strength of the
heterogeneities or scattering properties of high-frequency seismic
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waves are different among the upper crust, the lower crust and the
uppermost mantle structures.
We also confirmed the regional difference in the PEPT in terms
of frequency and distance dependency. The area of the backarc side
of northeastern Japan shows relatively larger PEPT and a strong
increase in the PEPT with increasing frequency comparedwith other
area of Japan. These observations indicate stronger heterogeneities
in the crust and upper mantle at the backarc side of northeastern
Japan. We can describe these differences using parameters char-
acterizing the von Karman-type PSDF, for example, smaller decay
order κ or correlation distance a or larger strength ε. If the domi-
nant parameter in the regional difference is strength ε, that is, fixed
correlation distance a and decay order κ , then a 3–4 per cent larger
value of ε at the backarc side may be required to reproduce the
observed difference in the average level of the PEPT for shorter
(D < 150 km) distances. These estimations for regional difference
in the PEPT derived from shallow (h< 30 km) earthquakes are good
corresponding to another estimates based on the seismic scattering
theory using the Markov approximation (Saito et al. 2005; Taka-
hashi et al. 2009; Sawazaki et al. 2011) and using relatively deeper
(h > 40 km) events.
Through 3-D FDM simulations of seismic wave propagation us-
ing the ‘IASP91’ standard Earth structure with fluctuations of ve-
locity and density stochastically described by von Karman PSDF,
we demonstrated the observed characteristics of the PEPT and the
frequency and distance dependencies of the PEPT. The sudden dis-
tance change in the PEPT occurs at D = 150 km, beyond which the
PEPT increases. The sudden distance change is caused by strong
seismic wave scattering due to larger velocity and stronger hetero-
geneities in the lower crust. In our simulation, since the maximum
frequency is f = 4–8 Hz, we could not reproduce the sudden ob-
served distance change of the PEPT with higher frequencies (f >
8 Hz), which show clearer distance change (Fig. 6). These clear
distance changes may be related to smaller (a< 5 km) velocity het-
erogeneities, which were observed in the reflection and refraction
seismic surveys using control sources in Japan (e.g. Iwasaki et al.
2002; Iidaka et al. 2006).
However, our estimations of the PEPT derived by the simula-
tion are still small and the frequency change is not so rapid com-
paredwith the observations. This is probably because our simulation
model of the crust and upper-mantle heterogeneity is too simple to
model actual Earth’s interior, such as for roughness of the Moho
boundary, near-surface, low-velocity structure with strong fluctua-
tion and the surface topography. Recent studies on high-frequency
wavefield have revealed the effect of surface topography on the at-
tenuation and amplification of seismic waves due to strong diffrac-
tion and scattering by local topography (e.g. Fu et al. 2002; Fu 2005;
Kumagai et al. 2011). Such topographic effects on the increase in the
PEPT and the difference in PEPT between the scattering properties
because the heterogeneity should also be examined by additional
high-resolution 3-D FDMsimulations including surface topography
using accurate representation of free-surface boundary conditions
to incorporate surface topography to conclude this subject.
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